SUMMARY Non-orthogonal multiple access (NOMA) makes multiple mobile users share the same frequency band. In a conventional NOMA scheme, a user pair that can be assigned to the same frequency resource is limited, which reduces the amount of capacity improvement possible. This is because a far user demodulates a signal without canceling an underlaid signal for a near user. In addition, semi-orthogonal multiple access (SOMA) modulation has been proposed. This modulation scheme helps to reduce scheduling complexity and demodulation complexity. In this paper, a joint detection scheme is applied to a far user as well as a near user in a NOMA downlink. The joint detection in the far user leads to a more number of user pairs that can be assigned to the same frequency resource through proportional fair scheduling. The total system throughput performance with the joint detection is evaluated with multi-cell system level simulation. Numerical results show that the joint detection in the original NOMA system increases the system throughput more effectively than that with SOMA modulation.
Introduction
Because of the high penetration rate of mobile devices such as smartphones or tablet PCs, demands for higher data rates and larger capacity in cellular systems have been increasing recently [1] . The solutions to fulfill these demands have been investigated. One solution to increase the capacity is a non-orthogonal multiple access (NOMA) scheme [2] - [13] . The NOMA scheme makes multiple mobile users share the same frequency band. By sending signals with different transmission powers, a receiver can extract its desired signal by using interference cancelation. It has been shown that the total system throughput increases if a receiver can remove the overlaid signal for the other users [14] .
In the NOMA system mobile users that are located near and far from a base station form a pair by scheduling to share the same frequency resource. Because of the difference in propagation loss the signal power for the far user is larger than that for the near user. The receiver of the near user cancels the signal for the far user and then detects its desired signal [15] , [16] . On the other hand, the receiver of the far user detects the signal without canceling the signal for the near user. The difference in propagation loss between a base station and two users is required for forming a user pair because the far user treats the signal for the near user as interference in its detection process [16] . Therefore, the possible user pair that can be assigned to the same frequency resource in the NOMA scheme is limited, which reduces the amount of capacity improvement possible. Therefore, in order to further improve the total throughput of the NOMA downlink, joint detection in the far user as well as in the near user has been investigated in a link level [9] , [10] . In this paper, system throughput and user fairness for multiple users are evaluated through multi-cell systemlevel simulation [11] . In addition, semi-orthogonal multiple access (SOMA) modulation has been proposed [17] . This modulation scheme helps to reduce scheduling complexity and demodulation complexity. The trade-off between the throughput performance and the complexity with and without the joint detection with SOMA modulation is evaluated. This paper is organized as follows. Section 2 describes the system model and the proposed scheme. In Sect. 3, the throughput performance obtained through computer simulation is presented. Section 4 gives our conclusions.
System Models

Non-Orthogonal Multiple Access Model
Signal Model
In this paper, a NOMA downlink is assumed, in which the difference in propagation loss between a base station and two users is large enough as shown in Fig. 1 . The system model of the NOMA downlink is presented in Fig. 2 . Since a system throughput gain by increasing the number of nonorthogonal users is limited if it exceeds more than two, it is assumed that at most two users share the same frequency resource [2] . Here, s n (k l n ) and s f (k l f ) are the signals for the near user and the far user and k l n and k l f are the symbol indexes for the near user and the far user on the lth subcarrier, respectively.
It is also assumed that
= 1 and the numbers of constellation points for the near and far users are
, respectively. With the power distribution coefficient, α, transmit power is divided with the ratio of α and (1 − α) to the near and far users. The received signals of the u n th near user and the u f th far user, y u n and y u f , on the lth subcarrier are given as
where
and z l u n and z l u f are the additive white Gaussian noises (AWGNs) of the u n th and u f th users on the lth subcarrier. They both include inter-cell interference and the inter-cell interference is assumed to be subject to Gaussian distribution. β l u n and β l u f represent the propagation loss from the base station to the u n th near user and the u f th far user on the lth subcarrier.
Semi-Orthogonal Multiple Access Model
Semi-orthogonal multiple access (SOMA) is a modulation technique for the NOMA system. In SOMA modulation, the power distribution coefficient is selected from the predetermined ones since the signal constellation is the same as that of a QAM symbol [17] . For a two user case, the individual set of modulation orders and the corresponding power distribution coefficient is presented in Table 1 .
Detection Scheme
In the conventional NOMA scheme the received signals are jointly detected in the near user. Only the desired signal is detected in the far user. The difference of the detection complexity between the conventional detection and the joint detection is in proportion to the number of the candidate constellation points to calculate a likelihood value from the received signal point. The number of the constellation points in the joint detection is the product of the modulation orders of the signals for the near and far users. In the conventional NOMA scheme the signal for the near user is regarded as interference by the receiver in the far user in likelihood calculation. In order to take the effect of joint detection the throughput is calculated through constellation constrained capacity (CCC) [18] . The CCC is the capacity of the link with a specific signal constellation. It implies that a random coding is employed and the length of the codeword is infinite. The CCC can be calculated even for the superposition of multiple QAM constellations. Suppose that y l u n ′ and y u f ′ are the received signals that carry only the undesired signal on the lth subcarrier for the near and far users. They are then given as follows:
The CCC of the received signal when the receiver in the near user demodulates both of the signals for the near and far users is calculated as Eq. (7). The first term in the right-hand side of Eq. (7) is the entropy of the signal points generated by the superposition of the N n and N f constellation points and the second term is the ambiguity caused by the AWGN. If the received signal in the near user includes only the undesired signal as shown in Eq. (5), the CCC is then given as Eq. (8). Therefore, the throughput of the near user is derived by Eq. (9) as the difference of Eqs. (7) and (8) [9] , [10] , [19] . Meanwhile, the throughput of the far user without the joint detection is given by Eqs. (10) [9] , [10] , [19] . In Eq. (10), the signal of the near user is regarded as interference [20] .
On the other hand, the CCC of the received signal when the receiver in the far user demodulates both of the signals for the near and far users is calculated as Eq. (11) . If the received signal in the near user includes only the undesired signal as given in Eq. (6), the CCC is then calculated as Eq. (12) . Therefore, the throughput of the far user is derived by Eq. (13) as the difference of Eqs. (11) and (12) [9] , [10] , [19] .
Proportional Fairness Scheduling
In order to keep fairness among multiple users, proportional fairness (PF) scheduling is employed in the base station. In the assumed NOMA downlink at most two users share the same resource block (RB). A pair of users that has the largest PF metric is assigned to each RB. The PF metric is calculated using the instantaneous throughput and the average throughput. The instantaneous throughput is calculated from Eqs. (9), (10), and (13) while the average throughput is given as Eq. (14) where u represents the user indexes, Ω u n or Ω u f represents the set of sucarrier indexes in which the uth user is scheduled as the near user or the far user, t is the time index, and t c is the time interval [21] . T * F ar can be T
given in Eq. (10) or T W ith F ar given in Eq. (13) for the system without or with the joint detection in the far user. Therefore, the PF metric is then given as Eq. (15) where β b u n and β b u f are the average propagation loss in the bth RB, and "*" is also either "W/O" or "With" for the system with or without the joint detection in the far user. The PF scheduling selects a user pair that achieves the largest sum of the PF metrics of the near and far users as given in Eq. (15) . The scheduling simply tries all the user pairs, calculates the metrics with all the combinations of the modulation orders and the power distribution coefficient, and assigns the best pair to the concerning RB with the corresponding modulation orders and the power distribution coefficient that realizes the largest PF metric. In order to evaluate the user fairness, the geometric mean of user throughputs, T (u), over all U users is calculated as
Numerical Results
Simulation Conditions
Multi-cell system-level simulation is conducted to compare the system throughputs of the conventional scheme, the proposed scheme, and the orthogonal multiple access (OMA) scheme. Simulation conditions are presented in Table 2 . In the OMA scheme, α is set to 1.0. A 19-hexagonal macrocell model is assumed as shown in Fig. 3 . No sectorization is employed. The cell radius of the macrocells is set to 289 m (inter-site distance = 500 m). U users are dropped randomly with a uniform distribution. The number of the transmit antennas in the BS is one and the number of the receive antennas is also one in each UE. As a propagation Table 1 . The transmit power is from 32 dBm to 52 dBm and the receiver noise density is set to −174 dBm/Hz. The throughputs of the con- ventional and proposed schemes given in Eqs. (9) , (10), and (13) are evaluated through Monte Calro simulation [18] . The expectation is taken by generating z l u n or z l u f with a Gaussian distribution. The CCC tables corresponding to Eqs. (7)- (13) are prepared for each set of the parameters of α, β l u n , β l u f , N n , and N f before the system-level simulation. The time interval, t c , in Eq. (14) is 100. The number of user drops is 400 and the number of trials per user drop is 30. The channel response is renewed for each trial. The number of transmitted symbols per trial is 100 and the last 80 symbols are used for throughput evaluation.
Throughput Characteristics
The system throughput versus the number of users are shown in Fig. 4 . The transmit power is set to 42 dBm. From this figure, it is clear that the SOMA schemes increase the system throughputs as compared to that with the OMA scheme by 25 to 35 percent and the NOMA scheme without the joint detection improves the system throughput by up to 45 percent. On the other hand, the NOMA scheme with the joint detection achieves 40-50 percent increase in the throughput as compared to that with the OMA scheme. The better throughputs are achieved with the larger number of users since the PF scheduling can select a better user pair that shares the same spectrum resource. As for the throughputs with the original NOMA schemes, the joint detection achieves the better performance. This leads to a more number of possible user pairs that can be assigned through the PF scheduling.
Comparing to the original NOMA scheme, the throughput performance with SOMA modulation decreases. The reason is that the possible value of the power distribution coefficient is limited as presented in Table 1 . The improve- ment of the throughput performance with the joint detection is then limited with SOMA modulation. On the other hand, the joint detection in the far user improves the throughput more efficiently in the original NOMA scheme. However, the NOMA scheme requires about 20 times (1.0/0.05) larger complexity for scheduling than that with SOMA modulation since the resolution of the power distribution coefficient is 0.05.
The cumulative distribution functions (CDFs) of the throughput per subcarrier are presented in Figs. 5 and 6 . The CDFs of user throughputs are shown in Fig. 5 and the enlarged version of Fig. 5 for the middle throughput users are presented in Fig. 6 . The number of users is 30. These figures show that the joint detection scheme improves the throughput performance of users in the middle region of the cell. This is because the joint detection scheme makes it possible to form more user pairs that are not near or far from the base station. The throughput gains of a cell-site user and a cell-edge user as compared with those in the OMA are presented in Figs. 7 and 8, respectively . Here, the cell-site user or the cell-edge user means the nearest or farthest user from the base station at each spectrum resource assignment, respectively. Because the number of users in the cell-edge is larger, more spectrum resources are assigned to those users. Owing to the non-orthogonal access, the near users can share the same spectrum resources with the far users in the cell-edge. The improvement of the throughput in the far user through the joint detection is limited since the received signal power is small. Thus, the joint detection in the far users rather creates more rooms for spectrum sharing to the near users.
The system throughput versus the transmit power is presented in Fig. 9 . The transmit power is set to 32-52 dBm and the number of users is set to 30. This figure shows that regardless of the transmit power, the system throughput increases owing to the joint detection. In addition, the joint detection increases the system throughput with the original NOMA scheme more effectively than that with SOMA modulation. As the transmit power exceeds more than 42 dB, the system throughputs start to saturate in all the systems because of inter-cell interference. The inter-cell interference effects less on the system with the joint detection. This is because the users in the cell-edge experience smaller interference after the joint detection and they are more tolerable to the inter-cell interference.
The fairness versus the number of users is presented in Fig. 10 . This figure shows that the system throughput increases and the user fairness improves owing to the joint detection. The same as the throughput performance in Fig. 4 the joint detection improves the fairness with the original NOMA scheme more effectively than that with SOMA modulation. 
Resource Block Assignment
The probability distribution functions (PDFs) of the power distribution coefficient, α, for 10 users and 30 users are presented in Figs. 11 and 12 . The original NOMA scheme is assumed in these figures. If α = 1, it implies that the system is operated with the OMA scheme because the whole power is assigned to one user. These figures show that the joint detection realizes non-orthogonal assignment more frequently than the NOMA scheme without the joint detection as the probability at α = 1 is larger in the NOMA scheme without the joint detection. The probability in the range of α ≥ 0.25 is higher with the joint detection while it is 0 in the NOMA scheme without the joint detection. This is because the range of the possible power distribution coefficient, α, is enlarged by the joint detection in the far user since it demodulates the signal for the near user as well. The PDFs of the NOMA scheme without the joint detection in the far user show a large fade at the power distribution coefficient of 0.1. The reason is that the PF scheduling in the NOMA scheme without the joint detection has selected 64QAM for the near user and 16QAM for the far user as the combination of modulation schemes with a probability of about 0.4 as the result of the system-level simulation. The CCC curves for the combination of 64QAM and 16QAM are presented in Fig. 13 . The SINRs of the near and far users are 25 dB and 10 dB. The sum of the CCCs of the near and far users without the joint detection shows a peak at α = 0.05 and quickly drops as it increases. Thus, the PF scheduling in the NOMA scheme without the joint detection in the far user selects α = 0.05 and avoids α = 0.1. The PF scheduling also switches the modulation scheme of the far user to QPSK when α is more than 0.15.
The PDFs of the signal-to-interference-plus-noise ratio (SINR) and the power distribution coefficient, α, for 10 users and 30 users are presented in Figs. 14-17. In these figures, the overlaid signal in the same RB is counted as part of the signal and the signals from the base stations in the other cells are treated as interference. These figures show that the probability increases in the middle ranges of the SINR and the power distribution coefficient. Moreover, the probability in the range of 0.25 ≤ α ≤ 0.75 is higher with the joint detection and it concentrates in the range of 10 dB ≤ SINR ≤ 25 dB. This implies that the RB may be assigned more frequently to the users that have less difference in propagation loss from the base station.
The PDFs of the constellation pairs with SOMA modulation are presented in Figs. 18 and 19 . The constellation pair indexes of 5-8 imply that the system is operated with the OMA scheme. When the constellation pair index is 2, the probability with the joint detection is larger than that without the joint detection while the probabilities for the constellation pair indexes of 5-8 are smaller with the joint detection. These figures show that the joint detection realizes non-orthogonal assignment more frequently than that without the joint detection. The reason is that the joint detection in the far user leads to a more number of user pairs that can be assigned through the PF scheduling.
Conclusions
In this paper, the joint detection is applied in the far user of the NOMA downlink and its effect on the system throughput and the user fairness has been evaluated through computer simulation. In the original NOMA scheme the difference in propagation loss from the base station between the near and far users are required and this limits the possibility of user pairs. The joint detection in the far user leads to a more number of user pairs that can be assigned through the PF scheduling. It has been shown that the total throughput increases and the user fairness improves with the joint detection in the far user. On the other hand, the throughput improvement with the joint detection is limited when SOMA modulation is applied. The NOMA scheme with the joint detection shows better performance as compared to that with SOMA modulation. The scheduling complexity of the original NOMA scheme is about 20 times that of SOMA modulation.
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